Applied entomologists have long recognised the role of homogeneous vegetation in pest outbreaks. Such outbreaks can also be brought about by the uniform application of insecticides over large areas. Pesticide applications simplify arthropod communities, impoverish them of many beneficial species and reduce their clustered distribution. Until recently, mechanised largescale crop production systems did not allow for a judicious deployment of insecticides and herbicides at a scale smaller than a field. In the last decade or so, however, new technologies have become available to allow the fine-tuning of inputs in the field, through the implementation of precision agriculture.
Effects of plant diversity
Vegetation heterogeneity occurs at three levels in agroecosystems: genetic heterogeneity within a monospecific plant stand (e.g. a field), taxonomic heterogeneity (species composition) in and near fields, and landscape heterogeneity which includes vegetational differences among fields and non-crop land. Because of the commercial production of selected genotypes (seeds) and the large-scale mechanised cultivation practised in modern agriculture, vegetation in agricultural systems is often genetically uniform on a large scale, i.e. a single genotype of a given crop may cover hundreds or even thousands of acres. In contrast to vegetation diversity (see below), relatively little is known about the influence of landscape vegetation patterns on insect populations (Power and Kareiva 1990; Landis and Marino 1999; Stevenson 2002; Schmidt et al., ch. 4 this volume) . Nonetheless, it is clear that the spatial arrangement of crops is an important factor influencing the population ecology of pest species.
Much attention has been devoted to the homogeneity of agricultural systems brought about by the use of mono-genotypic crops and monocultures. Because genetic and vegetation uniformity often underlies pest problems, applied entomologists have promoted vegetation diversification through, for example, the use of multiline cultivars, mixtures of varieties and intercropping (Dempster and Coaker 1974; Cromartie 1981; Pickett and Bugg 1998 and references therein) . Various approaches and many examples of vegetation manipulation are included in this volume. These approaches address the adverse effects of vegetation uniformity on pest populations and suggest how manipulation of vegetation in and around fields may reduce crop losses. Precision agriculture in ecological engineering for pest management offers scope to rationalise the intensity of weed management, restoring a degree of within-crop vegetational diversity.
Effects of pesticide use
Habitat homogeneity could also be brought about by the uniform application of insecticides over large areas. Accordingly, it is important to consider how the efficacy of pest-control measures could be improved and adverse environmental impact be minimised by responding to the spatial variability in pest occurrence and habitats. Uniform applications of insecticides across the field and on an area-wide basis drastically simplify arthropod communities and impoverish them of many beneficial species (Johnson and Tabashnik 1999) . When present, these species often reduce the density of pest populations through predation, parasitism and competitive interactions. Likewise, herbicide applications that eradicate all non-crop plants in the field and its vicinity may make it easier for pests to locate crop plants and deprive beneficial predators and parasitoids of important food sources (Shelton and Edwards 1983) . Fine-tuning of pesticidal inputs, so that applications are made only at 'hot-spots' where pest and weed densities reach their respective action thresholds, would create a mosaic of communities that differ in species composition and interspecific interactions, and thus are more likely to retard pest population outbreaks. This ecological engineering approach would also greatly reduce the release of toxic chemicals into the environment (Weisz et al. 1996; Brenner et al. 1998) .
The direct lethal and sublethal effects of insecticide applications on insect pests are well documented. Insecticide applications can also lead to the resurgence of pest populations. In many cases, this effect can be attributed to the removal of natural enemies of the target pest through the deployment of broad-spectrum insecticides (Hardin et al. 1995) . Minimising the exposure of insect predators and parasitoids to insecticides through site-specific applications, for example, would favour biological control and subsequently reduce pest damage. Another common effect of insecticide use is the development of resistance in pest populations. Sitespecific insecticide application would create spatial refuges of susceptible pests unexposed to the toxins and conserve natural enemies that slow the rate of selection of resistant pest populations. Thus, site-specific pest control could reduce the appearance of resistant pest populations (e.g. Midgarden et al. 1997; Fleischer et al. 1999) .
Insecticide applications may also affect the stability of pest populations and facilitate outbreaks simply by changing the distribution of insects in the field. Distribution of insect pests in the environment is usually uneven; herbivores tend to concentrate in patches of high-quality resources provided by their host plants. Moreover, random events, such as the landing site of a single colonising aphid female, also lead to clumped distribution of pests in the field. Thus, in a given field, each insect species occurs as a set of local sub-populations linked together through dispersal to form a meta-population. Current thinking holds that the buffering effect of interpatch dispersal would make pest population outbreaks less likely because it links sink and source populations. Field-wide application of insecticide may act to homogenise pest density across the field (Trumble 1985) and therefore facilitate pest outbreaks. Furthermore, alteration of pest distribution patterns in the field may have considerable influence on sampling procedures. Far less sampling effort is necessary to estimate pest density when it approaches random or even distribution.
Insecticide applications also affect natural enemies of the target pests. This effect involves not only the direct insecticide-induced reduction of pest and enemy densities but also acts through changes in pest distribution, as insecticide applications often make pest distribution more regular and less clumped (Trumble 1985) . A change in pest distribution is likely to influence enemy efficiency by altering the ability of parasites and predators to optimally forage and exploit surviving hosts and prey. For example, in the wake of insecticide applications small patches containing a few surviving hosts may not be detectable by enemies, which will then leave the field (Waage 1989 ). Theoretically, the homogenising effect of insecticides on pest distribution is also important in destabilising predator-prey interactions (Hassell and May 1974) , though Murdoch et al. (1985) have argued that a stable equilibrium of predator and prey populations is not necessary for satisfactory biological control.
Finally, area-wide application of toxic insecticides could also change the age structure of pest and enemy populations. Insecticides typically kill susceptible life-stages. For pests, this is often the exposed, sessile larval stage, as adults are capable of migrating to untreated areas. Similarly, pesticides kill mostly exposed adult parasitoids and immature predators. This differential action of insecticides desynchronises pest and natural enemy population cycles and may result in pest outbreaks (Godfray and Hassell 1987) . The effect is expected to be more pronounced where overlapping generations of pest populations occur (Waage 1989 and references therein).
Technologies deployed in precision agriculture
The wide range of technologies that have recently become available provide the tools necessary to make precision agriculture a realistic farming practice. The main tools used in precision agriculture today include:
• yield monitors (YM), sensors used to monitor yield during the harvest in order to quantify yields across the field; • variable rate technologies (VRT) that are mounted on application equipment such as fertiliser applicators and sprayers to control their delivery rates in different parts of the field; • global positioning system (GPS), a satellite-based locating system which identifies an earth-based position using longitude, latitude and, in some cases, elevation;
• geographic information system (GIS), a data-management system specifically designed to store spatial data and create variable-intensity maps.
These allow the delivery of variable levels of a specific management practice to various parts of the field and in a single field operation. For precision pest control, these tools should be combined with a decision-support system.
A few examples will clarify the manner in which these different components are linked in the practice of precision agriculture. To take into account variation in soil texture and history of land use across the field, data on soil nutrient status are collected through grid-based soil testing. The location of each soil sample is determined using the GPS, and the data are stored in a GIS. The GIS-generated management map is then connected to a GPS-linked VRT, so that variable rates of fertiliser are applied to different parts of the field, according to actual levels of nutrients in the soil. Similarly, lime can be applied at differential rates across the field, according to soil and yield profiles (using GPS-linked YM). The GIS also allows the overlaying of several maps, such as a soil nutrient map and crop yield map, to test for any relationships between the two data sets. Similarly, farmers could use the GIS to overlay yield maps collected from the same field over several years in order to identify problematic areas of consistently low yields.
These examples represent one approach to the implementation of precision agriculture, namely the use of map-based methods (Figure 8 .1). In this approach, data obtained by grid sampling are used to generate a site-specific map, which is then coupled with a variable-rate applicator in the field. Similar site-specific maps can be generated from aerial or satellite images (remote sensing, RS). By using various filters and imaging techniques (e.g. infrared photography), variations in the health and stand of crop plants can be detected, making it possible to correct nutrient deficiencies in specific parts of the field.
A second approach to precision agriculture is founded upon sensor-base methods. Real-time sensors are used to measure the spatial variation in a variable, and this information is immediately utilised to control a VR applicator. For example, a sensor mounted in front of a tractor may be used to detect weed stands. The sensor is connected to the sprayer behind the tractor, switching it on when weed density exceeds a predetermined threshold.
To date, a growing number of farm operators have adopted precision agriculture methodologies, primarily for crop management purposes; information on soil and plant characteristics are used to differentially apply fertiliser, gypsum, lime and water to various parts of the field. These site-specific agricultural inputs are clearly economical in large-scale operations and greatly reduce the release of contaminants into the environment.
Further detail on these methodologies is given by Mulla (1997) and the journal Precision Agriculture covers newly developed techniques and applications. The following secion explores how precision agriculture methods could be used to conserve and enhance the activity of natural enemies and to manage pest populations.
Applicability of precision agriculture for pest management
In the past, pests were hand-picked -no doubt the ultimate in precision pest control. More recently, pesticide application to infested hot-spots has been practised. While this is still done in some systems, the move to large-scale pest control operations have made it impractical to intensively monitor pest populations across the field. Moreover, the use of delivery equipment that covers large areas make it impossible to manipulate control measures on a small scale.
For the last 30 years or so, integrated pest management (IPM) has been the approach of choice for pest control. Several principles of IPM are highly compatible with the ideology behind precision agriculture. These are:
• take corrective measures based on economic and ecological criteria, i.e. the use of action thresholds; • maximise sustainability by the use of resistant varieties, and biological and cultural control measures; • minimise off-the-farm inputs, such as pesticide applications.
Like IPM, precision agriculture acts to minimise economic and environmental damage through the optimisation of, for example, fertilizer and pesticide inputs. Yet IPM lacks the spatial component so central to precision agriculture.
In IPM, decisions are based on routine monitoring of pest populations. Collecting reliable data on pest density across the field that would allow the creation of management maps and control VR applicators is probably the most challenging step toward the use of precision agricultural technologies for pest control (Fleischer et al. 1999) . Thus, precision agriculture, because it has been designed for use in crop production, must be adapted for use in pest management. This section proposes several approaches for the use of precision agricultural tools for insect pest management and discusses the control of weeds because these plants greatly affect insect pests both directly and indirectly, through their influence on natural enemies. Various authors have discussed the application of remote sensing to plant pathology (Jackson 1986; Nilsson 1995) , insect pest monitoring (Pathak and Dhaliwal 1985) , weed detection (Zwiggelaar 1998 ) and plant protection in general (Hatfield and Pinter 1993; Ellsbury et al. 2000) . The use of remote-sensing techniques for pest monitoring is not, therefore, considered.
The application of precision agriculture to pest management has been a slow process because of technological constraints stemming from the dynamic and cryptic nature of disease agents and insect pests. In spite of this, the clustered distribution of crop pests (pathogens, insects and weeds) does make them suitable for this type of management. In light of the severe adverse effects of pesticides on the environment, and the potential for drastically reducing the release of toxic chemicals, a careful examination of ways by which precision-farming methods could be adapted for pest control is certainly justified.
In some systems, the use of RS to create pest-management maps may be advantageous. RS can detect infested hot-spots by monitoring either the health of the plants or visible by-products of infestations, such as defoliation and sooty mould-contaminated honeydew that is secreted by homopteran pests (Hart and Myers 1968; Chaing et al. 1976 ). Target-oriented control measures, such as the use of biological control agents and selective insecticides, could then be applied to the detected hot-spots. However, these visual clues are likely to be detectable only after it is too late to take corrective measures. Thus, the RS-based approach to precision agriculture will be most suited to relatively stable systems such as forests and orchards, characterised by a high tolerance to pest infestation, particularly when the targets are indirect pests -i.e. pests that do not feed on the harvested parts of the plants. Finally, technical difficulties must also be overcome. For instance, when aerial photos were used to detect sooty mould on aphid-infested corn plants, black areas such as shadows were mistaken for mould and the actual level of mould cover or its relation to pest density could not be established (Jackson et al. 1974; Wallen et al. 1976 ). Similar difficulties were encountered when infrared aerial photography was used to monitor brown soft scale populations in citrus (Hart and Myers 1968) .
RS may prove useful for weed control. Distribution of weeds in the field is relatively stable, and since most crops form a regular pattern when planted in rows, weed patches could be detected through RS (Zwiggelaar 1998 ). In addition, some delay in the application of control measures may be tolerated. Because herbicides represent the biggest single variable cost in crop protection, site-specific application could result in significant savings (Brightman 1998) .Late in the season, however, when the crop canopy closes, weeds may no longer be detectable. Also, RS does not always allow the identification of weeds (e.g. gramineous vs broad-leaved species). This approach would therefore not necessarily contribute to the selection of target-oriented control measures, such as selective herbicides.
RS may nevertheless prove useful for controlling pests in many systems. Detection of consistent patterns of pest infestation over several years will enable the preparation of multi-year management maps that could be used to apply pre-emptive control measures (see discussion of this approach in Blackmore 2000) . With this approach, data collected through RS are transferred to a GIS and used to create, for example, maps of defoliation attributable to a pest such as the Gypsy moth. After several years, the existence of consistent distribution pattern of defoliated trees could be established. If indeed particular areas of the forest are seen to be defoliated repeatedly over several years, control measures could be applied to these susceptible areas before pest populations reach damaging (and detectable) levels (e.g. Liebhold et al. 1998 ).
An alternative approach involves creating management maps for other variables that are found to be correlated with pest density or pest-induced damage. These variables may include field topography (when pest and weed infestations follow contours in the landscape), soil nitrogen level (when high levels result in high pest density) and soil type. A case in point is the infestation of nearly three times more tubers in loess than sandy soils by the potato tuber moth, Phthorimaea operculata . This difference has been attributed to the greater tendency of loess soil to crack upon drying, allowing the pest larvae easy access to tubers. Similarly, soil physical properties may be correlated with spatial distribution of northern corn rootworms (Ellsbury et al. 2000) . Because soil type does not change with time, it may provide a convenient tool for predicting areas likely to suffer from high levels of some pest-induced damage.
In some cases, monitoring of pests and/or yields across the field may also be used to detect areas likely to harbour dense pest populations, particularly when their presence does not correlate with variations in other field parameters. Every year, for example, many pest species re-invade fields planted to annual crops. This early-season migration into the field often results in greater infestations at the margins than at the centre of the fields (Coll et al. 2000 and references therein) . If this pattern can be shown to be consistent, pre-emptive measures can be applied to susceptible parts of the field. GIS is a highly suitable tool for detecting such consistent infestation patterns.
Finally, GIS may prove useful for determining the optimal arrangement of crops in areawide pest management programs. This was the objective of a study conducted in a primary field-crop production region in Israel (Sarid 1998) . Over three growing seasons, three major polyphagous pest species (the African bollworm Helicoverpa armigera, the Egyptian cottonworm Spodoptera littoralis and the tobacco whitefly Bemisia tabaci) were monitored in cotton, sunflower, chickpea, maize and watermelon crops on 6000 ha in the Judean foothills. Some 40 insect-monitoring stations consisting of a pheromone trap for each of the moth species and a yellow sticky trap for the whitefly were distributed throughout the study area and visited twice weekly. The pests were also monitored on crop plants. Data concerning the spatial arrangement of crops and uncultivated areas, soil characteristics, pest-trapping data, pesticide applications and yield records were compiled using a GIS (Arc Info and Arc View, ESRI, USA) by digitising aerial photos and soil maps, and by using a GPS to locate the samples. The following H. armigera data are presented to illustrate the effect of crop association and rotation on pest density, pesticide use and yield in cotton.
Significantly more moths were trapped in cotton fields adjacent to sunflowers than in those near other cotton fields (27.2±4.3 and 12.5±3.7 moths per trap per night, respectively). Similar results were recorded for cotton fields near chickpea. The three crops are known host plants of H. armigera, and the pest appears to move into cotton after it builds up a population on the earlier sunflower and chickpea crops. This effect of neighbouring crops on H. armigera density in cotton was positively correlated with the size of neighboring chickpea and sunflower fields. In turn, significantly more insecticide applications were deployed against the pest in cotton plots that neighboured sunflower or chickpea plots than in those near other cotton fields (6.1±1.2, 4.3±1.9 and 3.5±1.4 applications per season, respectively). The effect of neighbouring crops on H. armigera, and perhaps on other shared pests such as B. tabaci, resulted in higher cotton yields in cotton adjacent to other cotton fields than in those near sunflower and chickpea (588±57, 562±32 and 547±35 kg per 1000 m 2 , respectively). Interestingly, the yield in cotton fields near sunflower or chickpea was lower even though these fields received more insecticide applications. Finally, significantly more insecticide applications were recorded when crop rotation was not practised -i.e. when cotton was planted in the same field over two consecutive growing seasons -than when a different crop was grown in the field a year earlier (2.8±0.7 and 1.7±0.5 applications per season, respectively). Results therefore show that, from the pest management perspective, an optimal arrangement of these crops in a particular region -ecological engineering at a landscape level -would minimise the number of cotton fields that are adjacent to sunflower and chickpea plots, and would maximise crop rotation.
GIS and GPS-linked data collection could be used in this context to optimally arrange crops in an area. In addition to crop association and rotation, soil characteristics should also be taken into account to match crop requirements. Thus, once it is determined what proportion of the cultivated land is to be allocated to each crop (based on economic and cultural criteria), their assignment to the fields could be optimised based on soil type, for example, the avoidance of certain crop associations and the maximisation of crop rotation. The system could be also used to allocate areas for conventional crops as refuges near Bt-expressing transgenic crops. This would act to retard the evolution of resistance in insect pests. The complexity of the procedure would increase as further issues, such as the avoidance of planting crops that are treated with insecticides from the air near human inhabitants or waterways, are considered. For further discussion and more examples of the operational use of precision agricultural methods for pest management see Willers et al. (1999) , Dupont et al. (2000) and Ellsbury et al. (2000) .
Conclusions
The goal of modern agriculture in general, and pest control in particular, is to increase food production while reducing the release of contaminants into the environment. Precision agriculture uses new technologies to provide us with a unique opportunity to add a spatial dimension to our pest control measures. However, attaining greater precision in plant protection programs requires a more intimate knowledge of the system at hand. We need to understand how biotic and abiotic factors affect pest populations, yield and the fate of pesticides in the environment. The small size, cryptic nature, rapid change in spatial occurrence and dynamic infestation pattern characteristic of insect pests present exceptional challenges.
In light of these obstacles, have we no choice but to continue controlling pests in a uniform way across fields? Not necessarily. Herbicide sprayers equipped with sensors to detect weed patches and control delivery rate are already on the market. A soil sampler that will characterise not only nutrient content but also potato cyst nematode levels in the soil is currently in development (Legg and Stafford 1998) . Although the cost of these technologies is currently prohibitive, they may become standard farm equipment in the future. The relative importance that society attaches to economic and environmental forces will determine how rapidly new technologies will be developed, or existing ones improved and modified for precision control of insect pests. New tools are needed for the monitoring of pests on a small spatial scale (Riley 1989; Fleischer et al. 1999) , for the delivery of variable rates of pest-control measures other than pesticides, such as mass release of biological control agents, and for geostatistical analyses to detect spatial relations between variables in the environment (Liebhold et al. 1993) .
This chapter has discussed several approaches to pest control that would deploy new technologies used in precision agriculture. At the present, technological constrains retard the adoption of RS and tractor-mounted sensors, as they do not allow the timely detection of pests or damage. However, site-specific control of insect pests may be possible based on pest biology (e.g. typical within-field distribution patterns) and parameters correlated with pest infestation (e.g. soil/plant nitrogen levels, climatic factors). Finally, precision agriculture methodologies, such as the GPS, RS and GIS, may be used for area-wide management of pests through farm landscaping. Peculiarities of each system will require the deployment of various approaches. In some cases, manipulation of host plant quality through careful adjustments of fertiliser delivery to various parts of the field may be important. In other systems, optimisation of crop association in neighbouring fields may be the preferred line of action. Thus, biological characteristics of pest infestation in a particular system, together with economic criteria, will point to the most effective approach.
